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Introduction
Atomic positions in the unit cell determine the functionalities of complex oxide thin films, e.g., remnant polarization or the piezoelectric coefficient in ferroelectrics [1, 2] . The investigation of atomic movement under an external electric field and/or stress, accompanied by a change in polarization [3, 4] , Nano Res. 2018, 11 (7) : 3824-3832 polarization switching [5] , and lattice expansion [6, 7] , has been required for artificial manipulation of the functionalities of materials; however, in situ observation of atomic movement in complex oxide thin films under external stimuli has been limited mainly by an exponential increase in the leakage current during long experiments and/or extrinsic effects arising from variations of the substrate and film thickness. Systematic in situ studies on atomic movement under external stimuli that exclude these extrinsic effects are critical for understanding the intrinsic role of atomic positions in the functionalities of complex oxide thin films.
The recently developed time-resolved X-ray diffraction technique provides an opportunity for in situ observation as well as manipulation of the atomic positions in crystalline materials under external stimuli. According to the kinematic diffraction theory, atomic displacement resulting in switching or changes in polarization also modifies the diffracted X-ray intensity, because the intensity of the diffracted X-rays is proportional to Here, f j is the atomic scattering factor of atom j, and ( , , ) j j j u v w are the relative atomic positions [8, 9] . In time-resolved X-ray diffraction, from a technical perspective, the leakage current and electrical breakdown in oxide thin films can be prevented by the application of a short electric pulse [10] . In addition, a combination of time-resolved micro X-ray diffraction (TRμXD) and in situ stress engineering, which employs a highly piezoelectric substrate to apply biaxial stress to the thin film in real time, allows us to quantitatively study the effects of external stress on atomic movement while excluding extrinsic effects [11, 12] .
Here, we report on in situ observation of atomic movement in a BiFeO 3 thin film under stress and an external electric field. In our experiments, we used the TRXμD technique to measure both the reflected X-ray intensities defined by the atomic positions and the lattice parameter of the film. We found excellent agreement between the experimental results and density functional theory (DFT) predictions for atomic movement under an electric field in a BiFeO 3 thin film. In addition, we found that the application of external stress to the ferroelectric film could induce atomic movement different from that caused by an applied electric field, even though the lattice parameter varies in a similar manner for both stimuli.
Experimental

General
A 250-nm-thick pseudocubic BiFeO 3 thin film was deposited on a (001)-oriented La 0.8 Ca 0.2 MnO 3 (LCMO)/ 0.72(PbMg 1/3 Nb 2/3 O 3 )-0.28(PbTiO 3 ) (PMN-PT) substrate using a pulsed-laser deposition technique. The lattice parameters for the BiFeO 3 film are a = 3.951 Å and c = 3.975 Å; for PMN-PT in the cubic structure, a = 4.022 Å. The detailed information on the growth process can be found in Ref. [13] .
Time-resolved micro X-ray diffraction
Pt top electrodes with a diameter of 60 μm were fabricated to apply voltage to the BiFeO 3 film (V film ) along the normal direction of the surface. The bottom surface of the PMN-PT substrate was coated with silver paste such that an electric field could be applied to the substrate (E sub ) using a high-voltage source (556H, ORTEC Ltd.). X-rays with a photon energy of 8 keV were focused into a spot with a size of 3 μm using a Fresnel zone plate at the 9C beamline of the Pohang Light Source. Diffracted X-rays from the sample were acquired using a gated pixel array detector (Pilatus 100K, Dectris Ltd.). A delay generator (DG 645, Stanford Research System, Ltd.) was used to generate reference signals in order to gate the detector as well as the electric pulses during the acquisition. The application of V film was repeated in 500 cycles in synchronization with the reference signal by varying the delay time between the beginning of each V film pulse and the data acquisition time. We can confirm the homogeneous piezoelectric response as well as the change of intensity within the capacitor using X-Y real-space mapping as shown in Fig. S1 in the Electronic Supplementary Material (ESM).
Density functional theory
The calculations were performed using DFT in the Perdew-Burke-Ernzerhof (PBE) generalized gradient Nano Res. 2018, 11(7): 3824-3832 approximation (GGA) and the projector-augmented wave method with a plane-wave basis, as implemented in the Vienna ab initio simulation package (VASP) code [14, 15] . We used an energy cut-off for the plane wave of 500 eV and Γ-centered 4×4×4 k-point meshes for the Brillouin zone integration. The calculations converged in energy to 10 −6 eV/cell, and the structures were relaxed until the forces were less than 1 × 10 −2 eV/Å. In order to improve the description of the Fe-3d states in BiFeO 3 , we applied a Hubbard U correction using a rotationally invariant scheme. With U eff (U -J) = 4 eV, the lattice parameter for pseudocubic BiFeO 3 is estimated to be 3.930 Å, which is only 0.5% off compared to the experimental value of 3.951 Å. A 2 × 2 × 2 supercell containing 40 atoms of BiFeO 3 was used to correctly reproduce the G-type antiferromagnetic order.
Results and discussion
Both out-of-plane and in-plane strain in the BiFeO 3 film, resulting in change in the relative atomic positions in the unit cell, can be controlled via applying either a voltage to the film (V film ) or an electric field to the highly piezoelectric substrate (E sub ) using an experimental set-up based on the TRμXD technique, as shown in Fig. 1(a) . The application of V film along the [001] direction of the BiFeO 3 film induces a piezoelectric response, resulting in the increase of the c-axis lattice parameter, while the application of E sub to the PMN-PT substrate induces in situ biaxial stress in the films on the substrate.
First, we describe the effect of V film only on the atomic displacement in the BiFeO 3 film, in order to distinguish between the effects of the electric field and external stress on ferroelectric films. With the application of a positive V film with a pulse width of 8 μs, as shown in Fig. 1(b) , the BiFeO 3 (002) reflection shifts to a lower Q z value along the direction of V film , resulting in piezoelectric lattice expansion of the BiFeO 3 unit cell. Here, Q z is the scattering wave vector along the z-axis of the crystal plane, which is in inverse relationship with the lattice parameter. The BiFeO 3 (002) reflection in the off-field state after the application of V film exhibits a peak position and intensity similar to the results before the application of V film , indicating that there is no permanent structural transition induced by V film .
In order to systematically measure the atomic displacement arising from the ferroelectric response to the application of V film to the BiFeO 3 film, we developed a switching spectroscopy set-up, similar to that of piezoresponse force microscopy [16] , based on TRμXD synchronized with pulse sequences as shown in Fig. 2(a) . In this study, we defined the time intervals as 8 and 50 μs for the on-field and off-field states, respectively, to avoid effects arising from the charging and discharging time of the capacitor [17] . The off-field state after the application of V film provides information on the remnant polarization after poling without any lattice expansion, as shown in Fig. 2(b) . Furthermore, in the on-field state with various voltages applied to the BiFeO 3 film (V film ), as shown in Fig. 2(c) , the piezoelectric response along the direction of V film results in lattice expansion. The butterfly loop observed in the on-field state with a triangular saw-tooth waveform, as shown in Fig. 2(d) , originates from a combination of the piezoelectric response and polarization switching behavior of the BiFeO 3 film, while in the off-field state, the BiFeO 3 thin film exhibits no change in the c-axis lattice parameter. As the applied electric field increases in the direction of the ferroelectric polarization, the c-axis lattice parameter grows linearly. On the other hand, the opposite electric pulses induce an abrupt decrease in the c-axis lattice parameter due to the polarization switching near the coercive voltage. When varying V film from 2 to 10 V, as well as from 6 to 10 V, the c-axis lattice parameter exhibits a linear relationship with V film .
The switching dynamics of the ferroelectric polarization can also be represented by change in the reflected X-ray intensity, which exhibits hysteresis loop behavior as a function of the amplitude of V film , as shown in Fig. 2(e) . The ratio of the reflected X-ray intensities at V film = +10 V and V film = −10 V is ~ 10% with an error of 1.5% for both the off-and on-field states. Near the coercive voltage, the reflected X-ray intensity drops abruptly by ~ 20%. Interestingly, we found a gradual reduction in the diffracted X-ray intensity for the BiFeO 3 (002) reflection in the on-field state as a function of V film , in contrast to that in the off-field state. As shown in Fig. S3 in the ESM, we also measured the voltage dependency of the full width at half maximum (FWHM) in the diffracted X-ray spectrum because the width of the X-ray spectrum along Q z directly represents the strain state inside the Nano Res. 2018, 11(7): 3824-3832 film. As a result, we found the constant value of FWHM, regardless of the voltage amplitude, representing homogeneous strain states that will not affect the peak intensities.
The polarization-related intensity contrast arising from anomalous scattering can cause a hysteresis loop for the reflected X-ray intensity. The ferroelectric polarization states can be obtained by applying a positive or negative voltage to the top electrode of the film. In the positive polarization state, the central Fe atoms and oxygen octahedral cages are displaced downward (positive polarization) or upward (negative polarization) from their non-polar positions in the unit cells, as shown in Fig. 2(f) . Table S1 In the on-field state, the gradual reduction of the diffracted X-ray intensity as a function of V film can be explained by additional atomic displacement arising from the linear increase in polarization in the BiFeO 3 film due to the dielectric component. After poling the polarization to one direction (positive or negative), further application of V film to the ferroelectric film produces a dielectric component of polarization of as much as e 0 E   , where e  is the electric susceptibility, 0  is the permittivity of vacuum, and E is the applied electric field. When applying 10 V to the BiFeO 3 film, the calculated change in polarization is 5%, which agrees well with the ferroelectric hysteresis loop results from the previous study [18] . Figure 3 (a) shows our model cell in order to explain the additional shift of Fe and oxygen atoms in a unit cell of BiFeO 3 under V film . Based on the reported theoretical and microscopic studies, this results in an increase in polarization because the distance between the Fe atom and the center of the oxygen octahedral cage dominates the magnitude of the polarization, rather than solely the displacement of the central Fe atom away from its non-polar position [19] [20] [21] [22] 
Figure 3(b) shows the intensities of the BiFeO 3 (002) reflection numerically calculated with the kinematic diffraction theory as a function of the ratio between ΔO and ΔFe . We assumed that both Fe and oxygen atoms in the unit cell move along the electric field direction, and the oxygen atoms are displaced by the same amount. The 3 oxygen atoms are located at (0.5, 0.5, −0.1161), (0.5, 0, 0.3391), and (0, 0.5, 0.3391), according to the calculation. We fixed the single Bi atom position to (0, 0, 0) during our calculation. This numerical calculation was performed using a MATLAB program. The relative change in polarization ( ΔP ), represented by the white line in Fig. 3(b) , was calculated from the variation of the equatorial Fe-O distance. The Nano Res. 2018, 11(7): 3824-3832 symbols indicate the intersection of the experimentally measured intensity and simulated intensity within the calculated ΔP under various V film values; the ΔP values for V film = 2, 4, 6, 8, and 10 V are 1%, 2%, 3%, 4%, and 5%, respectively. The agreement between the kinematic diffraction calculations and the measured intensity is reached when ΔO / ΔFe is larger than 1.4, indicating that the displacement of oxygen atoms under V film is larger than that of the Fe atom. As a result, the relative positions of the equatorial Fe atom and oxygen atom at +10 V become 0.4026 and 0.3278, respectively. We summarize the information on the atomic positions under an electric field in Table S2 in the ESM.
Using DFT calculations, the G-type antiferromagnetic BiFeO 3 2 × 2 × 2 supercell is relaxed until the forces are less than 1 × 10 −2 eV/Å, and the non-centrosymmetric ferroelectric BiFeO 3 is fully optimized on the atomic level, as indicated in Fig. S4 and Table S1 in the ESM. The atomic displacements are linearly interpolated between the centrosymmetric cubic BiFeO 3 structure and the non-centrosymmetric structure, and a double- , where  is the unit cell volume. In particular, we find that the ΔP depends almost linearly on the equatorial Fe-O distance, which is in good agreement with the experimental results, as shown in Fig. 3(c) .
Applying compressive stress to the BiFeO 3 thin film also caused an increase in the c-axis lattice parameter, resulting in an increase in polarization, as well as an additional atomic displacement. The out-of-plane strain in the BiFeO 3 film was controlled by applying an Nano Res. 2018, 11(7): 3824-3832 electric field to the PMN-PT substrate (E sub ), as shown in the inset of Fig. 4(a) . The application of E sub along the [001] direction of the PMN-PT substrate increased the c-axis lattice parameter and consequently decreased the a-axis lattice parameter of the PMN-PT substrate, which changed the lattice parameters of the BiFeO 3 films in a similar manner. The c-axis lattice parameter of the PMN-PT substrate changed by 0.21% at E sub = 13.3 kV/cm, while the a-axis lattice parameter changed by −0.13% at E sub = 13.3 kV/cm, as reported in Ref. [13] . Figure 4(a) shows the c-axis lattice parameter of the BiFeO 3 film under E sub in the range from 0 to 13.3 kV/cm in the on-field state. The c-axis lattice parameters obtained from the Gaussian fit of the BiFeO 3 (002) reflection are 3.974, 3.977, and 3.981 Å when E sub = 0, 6.65, and 13.3 kV/cm, respectively, at V film = 0 V. These results indicate that applying E sub = 13.3 kV/cm induces an out-of-plane strain of 0.18% in the BiFeO 3 film even at V film = 0 V. Interestingly, we found an enhancement of the remnant polarization by 1.9% in BiFeO 3 thin films under E sub = 13.3 kV/cm, as reported in Ref. [13] . In order to quantitatively estimate the atomic movement under an external stress, we monitored the diffracted intensities as functions of E sub , as shown in Fig. 4(b) . A slight increase in intensity of less than 3% was observed under E sub in spite of the increase in the c-axis lattice parameter (0.2%) and polarization (1.9%), in contrast to the case shown in Fig. 3(b) , where a decrease in intensity with the application of V film was observed. The unchanged distance from the Fe atom to the center position in a unit cell even for the increasing c-axis lattice parameter can be a major source of contradiction in the results for the diffracted intensities under V film and E sub [3, 23, 24] . Our kinematic diffraction simulation for X-ray diffracted intensities also showed that the relatively larger coordinates of the Fe atom, related to the unchanged distance of the Fe atom from the center, induced higher intensities as well as polarization (see Fig. S5 in the ESM).
We also investigated the tilting angle of the oxygen octahedral cage in the BiFeO 3 film depending on the c-axis lattice parameter [25] , which might affect the diffraction intensities, as shown in Figs. S6 and S7 in the ESM; however, we could not find any significant change in the tilting angle with E sub in this experiment. 
Conclusion
In summary, atomic movement in a unit cell under an external electric field and stress was probed using a combination of time-resolved X-ray diffraction and in situ stress engineering. For an electric field applied to the film, both experimental and theoretical results show that the displacement of oxygen atoms in BiFeO 3 films is larger than that of the Fe atom by 1.4 times for increasing polarization. We also found that an external stress increased the relative position of the Fe atom, in contrast to the results for an electric field applied to the film, due to the relative movement of Fe atoms inside a unit cell. We found that the distance between the Fe atom and oxygen atoms is a key factor in determining the polarization in BiFeO 3 thin films, rather than the simple displacement of the center atom and/or tetragonality of the unit cell. From the perspective of methodology, we believe Nano Res. 2018, 11(7): 3824-3832 that our approach can open a new pathway to simultaneously drive and observe atoms under various stimuli, including magnetostriction, electrostriction, and mechanical stress.
